Introduction Benign duodenal and periampullary tumors are uncommon lesions requiring careful attention to their complex anatomic relationships with the major and minor papillae as well as the gastric outlet during surgical intervention. While endoscopy is less morbid than open resection, many lesions are not amenable to endoscopic removal. Robotic surgery offers technical advantages above traditional laparoscopy, and we demonstrate the safety and feasibility of this approach for a variety of duodenal lesions. Methods We performed a retrospective review of all robotic duodenal resections between April 2010 and December 2013 from two institutions. Demographic, clinicopathologic, and operative details were recorded with special attention to the post-operative course. Results Twenty-six patients underwent robotic duodenal resection for a variety of diagnoses. The majority (88 %) were symptomatic at presentation. Nine patients underwent transduodenal ampullectomy, seven patients underwent duodenal resection, six patients underwent transduodenal resection of a mass, and four patients underwent segmental duodenal resection. Median operative time was 4 h with a median estimated blood loss of 50 cm 3 and no conversions to an open operation. The rate of major Clavien-Dindo grades 3-4 complications was 15 % at post-operative days 30 and 90 without mortality. Final pathology demonstrated a median tumor size of 2.9 cm with a final histologic diagnoses of adenoma (n=13), neuroendocrine tumor (n=6), gastrointestinal stromal tumor (GIST) (n=2), lipoma (n=2), Brunner's gland hamartoma (n=1), leiomyoma (n=1), and gangliocytic paraganglioma (n=1). Conclusion Robotic duodenal resection is safe and feasible for benign and premalignant duodenal tumors not amenable to endoscopic resection.
Introduction
Benign duodenal and periampullary tumors are rare lesions with potentially complex anatomic relationships to the major and minor papillae as well as the gastric outlet. Current management strategies include endoscopic resection (endoscopic mucosal resection or papillectomy) as well as a variety of open surgical techniques (duodenal sleeve resection, transduodenal ampullary resection including radical pancreaticoduodenectomy) requiring laparotomy with its associated morbidity. [1] [2] [3] [4] The safety and feasibility of endoscopic resection is firmly established and may be the preferred method when the risk of malignancy, anatomic location, and local expertise allow. [5] [6] [7] [8] [9] [10] Larger lesions, and particularly those in the periampullary location, may require multiple endoscopic procedures with a correspondingly higher incidence of bleeding and perforation as well as frequent post-resection endoscopic surveillance. 5, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] A safe minimally invasive approach to duodenal resection and reconstruction addresses the shortcomings of both the endoscopic and open surgical techniques without adding significant morbidity or compromising outcome. Despite the widespread introduction of laparoscopic techniques into surgical practice over the last two decades, few series of laparoscopic resection for benign duodenal tumors have been reported. [23] [24] [25] [26] [27] [28] [29] [30] Delayed adoption may reflect technical shortcomings of laparoscopic surgery for reconstructing the ampulla and closing the duodenum. Robot-assisted surgery, with computer-enhanced dexterity and three-dimensional visualization, 31 is a promising technique to bridge the gap between the endoscopic and surgical approaches to duodenal resection. We report a multi-institutional series of 26 robotic resections for benign and low-grade tumors of the duodenum and periampullary region. The series demonstrates the feasibility, safety, and versatility of this platform for minimally invasive duodenal resections. Robot-assisted surgery provides a minimally invasive alternative when an endoscopic approach is believed to be inadequate and open surgery unnecessarily morbid.
Methods
We performed a retrospective review of all robotic duodenal resections between April 2010 and December 2013 at the University of Pittsburgh and Beth Israel Deaconess Medical Center after receipt of Institutional Review Board approval and execution of a data use agreement. Demographic information and preoperative clinical characteristics were analyzed, including symptoms, Charlson Comorbidity Index, 32 preoperative imaging, and findings on endoscopic ultrasound. Operative details included the American Society of Anesthesiologists performance score, duration of operation, estimated blood loss, use of pancreatic or biliary stents, and surgical drainage. Operations performed were classified as (1) ampullectomy, (2) transduodenal excision of mass, (3) partial duodenal resection with excision of mass, or (4) segmental duodenal resection (or a sleeve duodenectomy). Postoperative complications were evaluated at 30 and 90 days and scored by the Clavien-Dindo scale. 33 Indications for the robot-assisted approach evolved during this series based on accumulated technical experience, with the surgical alternative being pancreaticoduodenectomy through either a robot-assisted or open approach reflecting standard endosonographic criteria and patient choice.
Operative Technique

Positioning and Trocar Placement
The patient is placed supine on a split-leg operating table with the right arm padded and tucked. Appropriate monitoring devices are placed as well as a nasogastric tube and a Foley catheter. The peritoneal cavity is accessed in the left upper quadrant in the mid-clavicular line using a 5-mm optical separator, and the abdomen is insufflated to 15 mmHg with CO 2 . Subsequent trocars are placed in the configuration for pancreaticoduodenectomy, including a 12-mm camera trocar to the right and superior to the umbilicus, two 5-mm trocars in the right upper quadrant, one 5-mm trocar in the right lower quadrant, and a 12-mm trocar in the left lower quadrant (Fig. 1) . Using a combination of blunt dissection and electrocautery, a Kocher maneuver is performed to mobilize the duodenum and right colon. Complete mobilization of the duodenum out of the retroperitoneum from the ligament of Treitz to the foramen of Winslow and medial to the root of the SMA from the aorta is crucial to allow for safe and tensionfree repair of the duodenum. Following complete Kocher maneuver, the robot is docked over the patient's head with two arms on the right.
Transduodenal Ampullectomy
After the duodenum is mobilized from the ligament of Treitz to the foramen of Winslow, two sponge pads are placed in the retroperitoneum to elevate the duodenum. A longitudinal duodenotomy is made with electrocautery scissors after the identification of the ampulla by intraoperative ultrasound facilitated either by preoperative stent placement or passage of a 4-French biliary catheter through the cystic duct following cholecystectomy. A transfixing suture is placed through the ampulla and the stent to facilitate exposure of the ampulla Fig. 1 Port placement. Example of typical port placement for robotic duodenal resection. A assistant port, C camera port, R robotic port, L liver retractor through the duodenotomy. Two stay sutures are placed on opposite walls of the duodenum and retracted using the weight of bulldog clamps. Ampullectomy is performed by first incising the mucosa 0.5-1 cm circumferentially around the lesion with the cautery scissors and then dissecting in the submucosal plane until the bile duct is reached (Fig. 2a) . Hemostasis is achieved by brief application of cautery to the penetrating submucosal vessels. The bile duct is marked with a 5-0 PDS suture on its superior edge. Continuing the dissection clockwise from the 12 o'clock to 6 o'clock position, the pancreatic duct is identified after incising the bile duct (usually at the 6 o'clock position). A 7-French Hobbs stent is placed in the pancreatic duct for subsequent reconstruction. The dissection is completed in the submucosal plane, and the specimen is retrieved through the left lower quadrant trocar using an Endocatch® bag. We do not routinely perform frozen section analysis for lesions that have been completely grossly excised. Patients are counseled before the procedure of the potential need for pancreaticoduodenectomy in the event that invasive cancer is identified.
The mucosa of the duodenum is re-approximated to the mucosa of the bile duct using 5-0 Vicryl sutures beginning at 12 o'clock and continuing in a clockwise fashion. Several sutures are also placed in the septum between the pancreatic and bile ducts to ensure these ducts remain patent and connected. A 5-or 7-French Hobbs stent can be placed in the bile duct at this time. The duodenum is closed transversely in two layers using 4-0 V-Loc® suture with a Connell stitch followed by seromuscular closure. An omental patch is placed over the closure. We do not routinely place drains in these operations.
Transduodenal Excision of Mass
Following duodenal mobilization, two stay sutures are placed in the superior and inferior ends of the duodenum and a longitudinal (pyloro)duodenotomy is made. Wide local resection of the lesion(s) is performed, and the surgical margins are e va l ua t e d b y f r o z en s e ct i o n a s i n di ca t ed . T h e pyloroduodenotomy is repaired transversely in two layers (Fig. 2b) . Esophagogastroduodenoscopy is performed as needed to assess for leak.
Segmental Duodenal Resection (Sleeve Resection)
After duodenal mobilization, the location of the lesion is identified with respect to the ampulla. This can be performed by preoperative endoscopy to place a tattoo or clip, with intraoperative endoscopy or ultrasound as required. The precise location of the ampulla is confirmed by transcystic catheterization of the common bile duct following cholecystectomy (Fig. 2c) . After confirming that the ampulla is not involved, the duodenum is divided distal or proximal to the lesion using an EndoGIA stapling device, and LigaSure® is used to divide the duodenal mesentery and small perforating branches from the head of the pancreas. The duodenum is then resected using an EndoGIA stapling device with frozen sections as indicated to confirm complete excision. A side-to-side duodenojejunostomy is performed in two layers (Fig. 2d) . Fig. 2 Robotic duodenal resections. a Ampullary reconstruction is seen with catheters in both the common bile duct and pancreatic duct. b After either transduodenal resection or ampullectomy, the pyloroduodenotomy or duodenotomy is repaired transversely, in two layers. The first layer utilizes a 4-0 V-Loc Connell stitch (depicted above) followed by a 2-0 silk Lembert layer of sutures. c A Fogarty catheter can be used to define the precise location of the ampulla. The image above depicts the catheter balloon as it exits the ampulla in the lumen of the duodenum. d Following duodenal sleeve resection, a duodenoduodenostomy (depicted above) or a duodenojejunostomy is performed depending on the location of the resected lesion Post-operative Management We do not routinely place surgical drains. A nasogastric (NG) tube is left in place overnight and then removed. Patients have their diet advanced as tolerated. If they fail to tolerate a diet, then a 24-h trial of NG decompression is initiated to determine whether a high-protein liquid diet or total parenteral nutrition (TPN) will be required while awaiting resolution of edema. In this series, only one patient required TPN (for nutritional supplementation in addition to a regular diet), and one patient required reinsertion of an NG tube.
Results
Indications and Outcomes
Twenty-six patients underwent robotic resection for benign duodenal lesions including suspected adenoma (n=13), neuroendocrine tumor (n=6), gastrointestinal stromal tumor (GIST) (n=3), lipoma (n=2), and mass without specific diagnosis (n=2). The precise anatomic location of these lesions is shown in Fig. 3 . Median age of the cohort was 64.5 years (range 35-81 years), and 50 % of patients were male (13). Ninety-two percent of patients were Caucasian and 8 % were African-American. Median preoperative age-adjusted Charlson Comorbidity Index (CCI) was 3 with median body mass index 29.2 (range 18.1-47.2). Most patients (18, 69 %) had an American Society of Anesthesiologists (ASA) performance status of III or IV (1, 3.8 %), while seven patients (27 %) were classified ASA I.
The majority (23, 88 %) of patients were symptomatic and/ or being followed for known Barrett's esophagus or duodenal lesions at the time of presentation. Patients with symptoms presented with one or more of the following: abdominal pain or worsening gastrointestinal reflux (8, 30.7 %), gastric outlet obstruction (4, 11.5 %), upper gastrointestinal bleeding or anemia (10, 38.5 %), unintentional weight loss (3, 11.5 %), liver function abnormalities/jaundice (2, 7.6 %), pancreatitis (2, 7.6 %), and dysphagia (1, 3.8 %). Median preoperative albumin was 3.9 g/dL and hemoglobin was 14 g/dL. Nearly all patients had a preoperative CT scan (88 %), half of which demonstrated a measurable lesion with a median diameter of 2.1 cm (0.3-5.1 cm). Eighteen patients (69 %) underwent EUS with a median lesion size of 2.5 cm (0.3-4 cm) ( Table 1) . Preoperative imaging showed dilated common bile ducts in two patients and dilated pancreatic ducts in two patients.
Nine patients (35 %) underwent transduodenal ampullectomy, during which temporary pancreatic duct stents were placed in eight (89 %) patients with common bile duct stents in six (67 %). Six patients underwent transduodenal excision of a mass, seven underwent partial duodenal resection, and four required segmental duodenectomy with one concurrent distal gastrectomy. Median operative time was 240 min (range 99-437 min). There were no conversions to an open operation. Median estimated blood loss was 50 cm 3 , and no patients required intraoperative transfusion.
Final pathology demonstrated a median tumor size of 2.9 cm (0.7-6.5 cm) with histologic diagnoses of adenoma (n=13, one with focal high-grade dysplasia), neuroendocrine tumor (n=6), GIST (n=2), lipoma (n=2), Brunner's gland hamartoma (n = 1), leiomyoma (n = 1), and gangliocytic paraganglioma (n=1). The margin status of each histologic subtype is shown in Table 3 . Three patients (25 %) with adenoma had positive margins. None of these occurred at the bile duct margin, and none were grossly evident at the time of surgery despite magnified vision. There was a single patient with adenoma and high-grade dysplasia and negative margins. One patient with a Brunner's gland hamartoma had a Fig. 3 Anatomic location of lesions. a Three patients had lesions in the duodenal bulb, b four patients had lesions in D1, c seven patients had lesions in the nonampullary region of D2 (either proximal, distal, or on the opposite wall), d nine patients had ampullary lesions, and e three patients had lesions in D3 positive margin, a benign entity of no clinical significance. No patients with neuroendocrine tumor or GIST had positive margins.
Post-operative Course
Median hospital length of stay was 6 days (3-43 days). All patients were discharged on a regular diet except one, who required caloric support with total parenteral nutrition due to delayed gastric emptying. There were three 30-day (11.5 %) and two 90-day (7.7 %) readmissions.
Complications were scored according to the Clavien-Dindo classification (Table 2) . 33 Fifty percent of patients experienced no complications, whereas 35 % had minor grade I/II events. Fifteen percent of patients experienced major complications (Clavien-Dindo grades 3-4) at the 30-and 90-day post-operative time points (Table 3 ). The grade IIIA complications were intra-abdominal abscesses requiring image-guided drainage. The grade IIIB complication occurred in a patient who underwent concomitant distal gastrectomy and developed a clinically evident leak with sepsis requiring both interventional radiologic guided drainage and reoperation. The grade IVA complication was intra-abdominal hemorrhage on postoperative day 1, requiring reoperation and oversewing of small perforating vessels from the pancreas followed by respiratory failure requiring intensive care unit management. Other complications of grade II or less included wound infection (n=3), atrial fibrillation (n=2), urinary tract infection (n= 1), delayed gastric emptying (n=1), and pneumonia (n=1). There were no pancreatic fistulas.
Discussion
This multicenter cohort study of robot-assisted duodenal resection demonstrates the feasibility and safety of the described surgical technique for a variety of symptomatic benign and premalignant pathologies with a median size of nearly 3 cm. Median blood loss was minimal with median operative time of 4 h and no conversions to an open operation. Despite the complexity of the associated reconstructions, morbidity greater than or equal to Clavien-Dindo grade III was acceptable (15 %) with a single clinically evident duodenal leak requiring reoperation. Median hospital stay was less than 1 week, and all patients tolerated a regular diet upon discharge.
Although open surgical resection is the classic treatment for benign ampullary and nonampullary neoplasms, the morbidity of this approach remains significant. Local resection for ampullary neoplasms has less morbidity than pancreaticoduodenectomy in exchange for higher rates of recurrence and the need for ongoing endoscopic surveillance. [34] [35] [36] [37] [38] The largest series comparing pancreaticoduodenectomy to ampullectomy demonstrated complication rates of 52.2 versus 33.3 %. 3 Despite causing less severe morbidity than pancreaticoduodenectomy, complications following open transduodenal ampullectomy are still significant, with complications including delayed gastric emptying, wound infection, and pancreatitis occurring in 48 % of 28 patients of one series. 37 In multiple small series, complications following local ampullary resection range from 10 to 29 %. 36, 38, 39 The morbidity of open resection for nonampullary neoplasms is less significant than that of ampullectomy, but rates are still as high as 50 %. 39 In this report, only 15 % of the patients experienced serious side effects as measured by Clavien-Dindo classification. However, it should be noted that the Clavien-Dindo classification system has been reported to underestimate the true value of minimally invasive surgical procedures. 40 Recently, Clavien has revised his scoring system to allow a more granular view of complications. Margins not assessed
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The morbidity of open treatment for duodenal lesions has stimulated endoscopic alternatives for ampullary and nonampullary duodenal lesions. Two main techniques have been described: endoscopic submucosal dissection (ESD) and endoscopic mucosal resection (EMR). Both techniques can cause major complications including perforation and bleeding. Despite enhanced rates of en bloc resection, the risk of perforation during ESD for nonampullary adenomas is reported to be as high as 35.7 %. 7 The significance of post-ESD perforation is magnified further by the difficulty of recognizing iatrogenic perforation in the duodenum compared to other hollow viscus. 7, 42 The EMR technique is used more widely due to its reduced perforation rate but still carries its own complications. Several small case series of EMR for nonampullary lesions describe perforation rates from 0 to 4.3 % including one fatal event. 5, 12, 14, 43 Bleeding rates following endoscopic excision range from 5 to 8.8 %, 5, 13, 15 with rates of intra-procedural bleeding as high as 14-29 %. 12, 14 Hemi-circumferential lesions may exhibit intraprocedural bleeding in as many as 60 % of cases. 16 For ampullary lesions, perforation (though rare) and bleeding are reported complications in addition to post-procedure pancreatitis in 4.9-19 % of patients, 8, [17] [18] [19] [20] [21] causing subsequent papillary stenosis and cholangitis. 6 Major limitations of the endoscopic approach include the inability to completely excise lesions involving more than one third of the duodenal circumference. Guidelines from the American Society for Gastrointestinal Endoscopy suggest that lesions affecting more than 33 % of the circumference of the duodenum should be referred for surgical evaluation. 44 While it is technically feasible to resect lesions occupying a large portion of the duodenal circumference, lesion size is the only risk factor not only associated with uncontrolled bleeding 13, 16 but also increases the rate of incomplete resection and recurrence. In one study, complete resection rate was achieved in only 45.5 % of lesions occupying between one quarter and one half of the duodenal circumference compared to 94.7 % for tumors occupying less than one-third the diameter of the duodenum. 45 In a separate series, remnant tissue was discovered in 23.8 % of cases (all of which were excised piecemeal). 43 Recurrence rates in the literature range from 0 % over an 11-month median follow-up 5 to rates as high as 20 to 37.5 % for nonampullary lesions 13, 15, 22 and from 2 to 33 % in ampullary lesions. [17] [18] [19] [20] [21] The final limitation of the endoscopic technique is the inability to excise lesions invading beyond the muscularis propria due to the risk of perforation. 9 The limitations of endoscopic therapy, combined with the morbidity of open surgical management, make minimally invasive resection of duodenal lesions that do not require pancreaticoduodenectomy ideal. To date, experience with minimally invasive duodenal surgery is limited to single case reports and small series, 23, 25, 26, 28, 30, 46 in addition to a series of ten duodenal sleeve resections for a variety of benign and malignant diagnoses demonstrating a complication rate of 10 %. 27 The robotic platform offers several potential advantages specific to duodenal and ampullary lesions. Operations in this anatomic location often require extremes of instrument articulation as well as precision during reconstruction of the biliary and pancreatic orifices as well as duodenal anastomoses. The robotic platform offers greatly increased degrees of freedom in wrist articulation compared to laparoscopy, three-dimensional and magnification views unmatched by the laparoscopic view, and stabilization via computer-aided reduction in operator tremor. These advantages are particularly beneficial in duodenal resection where laparoscopy lacks precision and flexibility. This study has several limitations despite its multicenter construct. The cohort is small and highly selected due to the relative infancy of this procedure and rarity of the diagnosis. There are few case series in the literature to serve as historical controls, whether open or laparoscopic. The applicability of robotic resection is effectively limited to centers with a high volume of duodenal resections as robotic surgery has both a steep learning curve and high cost of implementation relative to the low frequency with which these lesions are encountered. 3 
Conclusion
We conclude that robotic ampullectomy, local excision, and sleeve resection are feasible and safe for duodenal lesions not amenable to endoscopic resection. Robotic technology confers several technical advantages that facilitate complex resection and reconstruction during periampullary procedures.
